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摘 要 
本工作採用蒸傭法結合流動注射分析及電流檢測法測定了海底 
泥中的總氰化物。儀器檢出限為1 ^ig/L，等同於様本中的總氰化物 
成份為0.02 mg/kg，相對標準偏差為2.7%。 
實驗結果表明，•性萃取法可以提取様本中不溶的氰絡合物， 
從而增加回收氰化物的功能。另一方面，海底泥中含有較高濃度的 
硫化物，在流動注射分析電流檢測的情況下，硫化物對氧化物的測 
定可產生嚴重干擾，必須校正。因此在鹼性萃取過程中和流動注射 
分析時，本實驗加入硝酸秘，其主要作用是絡合硫化物，消除其干 
；憂。 
將標準物加入實驗室間比對測試樣本中，回收率為73%〜101%， •丨 
相對標準偏差為1.1%〜12%。而將標準物加入於海底泥様本中，回 
收率為 6 4 %〜 8 0 %，相對標準偏差為 3 . 0 % ~ 13%。以上結果証明用 
這方法分析海底泥中總氰化物含量，結果良好。 -
ABSTRACT 
A distillation followed by flow injection analysis method for the determination 
of total cyanides in marine sediment was developed and validated. A detection limit 
of2 ^ ig/L was achieved, which was equivalent to 0.02 mg/kg CN' in sediment. At 10 
i^g/L level, the relative standard deviation was 2.7 %. 
In the proposed method, a sediment sample was extracted with sodium 
hydroxide solution containing bismuth nitrate for 16 h. The extracted solution was 
then refluxed for 1 h in the presence of sulphuric acid and magnesium chloride, and 
the distillate was collected in 0.2 M sodium hydroxide solution. An alkaline extraction 
procedure was required for leaching insoluble complex cyanides from marine 
sediments in order to maximize the recovery. Sulphide was precipitated from the 
sample by initial treatment with bismuth nitrate at the alkaline extraction step, 
followed by on-line elimination of residual sulphide, if present in the absorbing 
solution, by adding bismuth nitrate during FIA-amperometric measurement. Removal 
“ 
of sulphide interference up to a concentration of 420 mg/L was achieved by this 
method. 
The recoveries for the analysis of interlaboratory test samples ranged from 73 
% to 101 %, and the relative standard deviation of three replicates ranged from \.h% 
to 12 %. The recoveries for the analysis of marine sediments ranged from 64 % to 80 
o/o, and relative standard deviation of three replicates ranged from 3.0 % to 13 %. The 
method was applied successfully to the determination of total cyanide in marine 
sediments. 
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L INTRODUCTION 
1.1 Chemical speciation of cyanide 
Cyanide ion is highly reactive. It will form metal-cyano-complexes or organic 
compounds in sediments depending on the composition of the matrix and 
environmental conditions. Based on their physicochemical properties cyanides can be 
classified in four different groups'. 
(1) Free cyanides, HCN(aq), HCN(g) and CK 
(volatile and toxic). 
(2) Simple cyanides, examples are K C N or AgCN, 
(KCN readily dissolves in water to form CN" and K+， 
but AgCN is only slightly soluble. Many simple metal 
cyanides are sparingly soluble or almost insoluble, but 
some of them form highly soluble complex metal 
cyanides in the presence of alkali). “ 
(3) Complex cyanides, such as Fe(CN)6^", Co(CN)6^- and Zn(CN)4^" 
(some of them will dissociate to free cyanide under 
strong acid distillation. Fe(CN)6^" and Co(CN)6^"are 
more stable than Zn(CN)4^"). 
(4) Organic cyanides, nitriles, 
(such as cyanohydrins, cyanogenic glucosides). 
Of these groups the free cyanides are considered to be the most toxic because 
they are volatile and biodegradable^. The toxicity of the other groups depends on the 
degree of dissociation to form free cyanide. They can form the toxic free cyanide (e.g. 
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simple cyanides like KCN) or they can be only slightly toxic (e.g. the stable 
hexacyanoferrates Fe(CN)6^" and Fe(CN)6^ "). In the case of the organic cyanides the 
degree of formation of free cyanide depends on the chemical structure of the 
compound and their toxicity cannot be generalized^  
Although the stable complexes are not toxic, they could pose a long-term 
threat to the environment because of their possible decomposition under certain 
environmental conditions. Iron cyanide complexes could decompose very rapidly 
when exposed to daylight^ '^  at rates which are temperature and light intensity 
dependent. It has been shown that iron cyanide complexes decompose in the dark^ In 
addition to temperature and light, microbiologically mediated decomposition of 
hexacyanoferrate complexes has also been reported by Cherryholmes et al&, and 
anoxic conditions with microbial activity was found to favor the decomposition, and 
at low redox potentials. This condition was quite similar to the environmental 
conditions of marine sediments. It follows that the measurement of total cyanide in 
marine sediment is of significance in environmental monitoring work because of the 
possibility of decomposition ofhexacyanoferrate to form free cyanide. “ 
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1.2 Review of analytical techniques for cyanide determination 
The strongly poisonous character of hydrogen cyanide gas is well known. On 
the other hand, cyanide salts are used in large quantities in industry. Cyanide plays an 
important role in synthetic fibre industry and in certain industrial extraction processes. 
Cyanide measurement is important for the control of the above processes. 
Determination of cyanide is also indispensable in environmental, food and forensic 
analysis as well as for ensuring work safety. 
Many procedures have been published for cyanide determination, the majority 
ofwhich apply to environmental samples. The methods to be employed are dependent 
on the nature of cyanide species to be determined, e.g. weakly dissociable cyanide can 
be converted to HCN(g) by dilute hydrochloric acid. Strong metal-cyano-complex can 
be decomposed by prolonged boiling under acid conditions. The procedures are 
mostly carried out manually. Recovery of cyanide from iron cyanide complexes by 
distillation also depends on the distillation conditions. Free cyanide and complex 
cyanide can be selectively determined by varying the experimental conditions. Milder 
“ 
distillation conditions at pH4 can recover free cyanide and weak metal-cyano-
complexes but minimize decomposition of strong metal-cyano-complexes, and total 
cyanide determination is achieved by prolonged boiling of samples under strong acid 
conditions7'8. Different acid mixtures such as HC1, H3PO4/H3PO2 or H2SO4, 
sometimes with the addition 0fMgCl2 have been used in the procedures. 
Automated methods have been developed recently for determination of 
cyanide4'9'io. Compared to manual procedures these methods offer both better 
precision and speed of determination. Automated methods are applicable only to 
relatively clean aqueous samples, and they cannot be applied to solid samples or 
solutions with high suspended solid content. Isolation of cyanide from complicated 
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matrices is usually achieved by distillation. To allow full automation and to facilitate 
high throughput, most ofthese methods incorporate membrane diffusion or isothermal 
distillation to isolate cyanide from the sample matrix. They are usually applied to the 
determination of weak acid-dissociable (WAD) cyanide in liquid samples, such as 
wastewater, drinking water and gold-mill effluents，in which the free cyanide and the 
weak metal-cyano-complexes such as those with Zn and Cd are recovered. Fast 
automated methods^ '^ '^^ ^ for determination of total cyanide in water samples have also 
been developed, they are based upon on-line ultraviolet irradiation and distillation. In 
these methods, the strong metal-cyano-complexes such as [Fe(CN)6]3"4:are converted 
to HCN(g) under the acidicAJV conditions. However, strong complexes such as 
[Au(CN)2]- and [Co(CN)6]3. cannot be recovered by on-line ultraviolet irradiation. 
For the determination of total cyanide in solid samples where distillation is 
under strong acidic condition^ '^^ ^ the weak metal-cyano-complexes and ferricyanide 
can be totally decomposed and recovered as cyanide by collecting the liberated H C N 
in a basic solution as CN", which is then determined by instrumental methods. 
There are many instrumental methods to determine cyanide ion (CN'). Small “ 
amounts of cyanide are usually determined after distillation by spectrophotometric 
methods based on the method described by Aldridge' ‘ and the subsequent use of 
sodium isonicotinate/sodium barbiturate or pyridine/barbituric acid for colour 
development. 
A number of electrometric procedures have been described, either 
potentiometric, voltammetric, or amperometric. Potentiometric measurement of 
cyanide may be accomplished using a cyanide-selective ion electrode, generally in the 
ppm rangei2'i3. in voltammetric analysis, polarography has been widely used to 
determine cyanide. Methods based on direct current^ ,^ differential pulse^^ and normal 
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pulse polarographyi6 have been described. A drawback to these methods is that 
determination using mercury electrode is complicated by competing stoichiometrics 
which depend on cyanide concentration as well as on the concentration ofbase in the 
supporting electrolyte". 
Amperometric methods have also been successfully used for the determination 
of cyanide, and low measuring range could be achieved. The coupling of FIA and 
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amperometric detection at silver electrode was successfully made by Kosta et al ’ . 
Amperometric methods are simple, sensitive, and do not use hazardous reagents 
which may be a problem with common colorimetric procedures. 
Sulphide is the bane of many methods for cyanide. Since cyanide and sulphide 
co-exist in many real world samples, they will be liberated as hydrogen sulphide and 
hydrogen cyanide at the same time when acid is added to the sample. Many analytical 
procedures for the determination of cyanide manifest the serious sulphide 
interference. Drikas and Routley'^  have examined the addition of lead salt for 
removing sulphide when using a total cyanide determination method. They observed 
lower recoveries of cyanide when PbCO3 was used for sulphide precipitation." 
Nicholas and Bamard^® suggested adding CdCO3 for precipitating sulphide during 
sample preservation. Yellow precipitate was filtered out from the sample. However, 
filtration may cause a loss ofinsoluble cyanide from the sample. 
Since most samples have been preserved in alkali to prevent rapid loss of 
cyanide in the sample, sulphide present will lead to low recoveries for cyanide due to 
the formation of thiocyanate. Beside this, sulphide will also give a false positive result 
in amperometric detection. With colorimetric detection, low recovery is also found for 
cyanide because sulphide will compete with cyanide in the reaction with chloramine-
T. 
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1.3 Importance of sediment in the environment 
Particulate contaminants and pollutants from land when settled to the seabed 
will form sediment. In general, concentrations of many contaminants in marine 
sediment are much higher than those in water because of the adsorption of the 
contaminants to the surface of the sediment. Upon natural or anthropogenic 
disturbance (e.g. scouring, dredging, etc.), sediment may release contaminants or 
other pollutants back into the water body. 
Bottom sediment is an essential component of the marine ecosystem. It 
provides a habitat to a variety of benthic organisms. Many commercially and 
ecologically important organisms spend a major part of their life-cycles living within 
or on the surface of marine sediment. These organisms can be adversely affected by 
contaminants in the sediment. Some of the organisms may also accumulate sediment 
contaminants and pass them up the food chain and pose a potential hazard to higher 
organisms and humans. Therefore routine monitoring of pollutants in sediment is 
required and cyanide is one of the essential pollutants to be examined. 
” 
1.4 Characteristics of marine sediment 
Sediment is a complicated matrix ofmaterials, and it is heterogeneous in terms 
of its physical and chemical characteristics. Sediment can be divided into two size 
fractions according to their physical size: (a) coarse size such as sand and other coarse 
material greater than or equal to 63 |im in diameter; (b) fine size such as silts and 
clays less than 63 ^ im in diameter. The fine fraction is chemically more reactive than 
the coarse fraction so that contaminants are more likely to be adsorbed to or desorbed 
from the surface of the particles. In terms of chemical compositions, it consists of 
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three primary components: organic matter; particulate mineral matter and inorganic 
matter. 
One of the characteristics of the marine sediments in Hong Kong is that they 
are largely anaerobic. Electrochemical potential (Eh) is a measure of the redox status 
of sediment. A negative value indicates an anaerobic situation. The more negative the 
Eh value, the more anaerobic the sediment is^ '. Under anaerobic conditions, organic 
nitrogen and sulphur present in the sediment cannot be fully oxidized but instead 
produce gases such as ammonia and hydrogen sulphide that may give rise to 
obnoxious smell and toxicity. A large amount of total sulphide(> 200mg/kg dry 
weight) was found at some sites in Hong Kong^' . As a result the most important 
interferent in determining total cyanide in marine sediment is sulphide, which evolves 
as hydrogen sulphide and compromises most analytical finishes. 
1.5 Anthropogenic sources of cyanide 
“ 
Cyanide is a major concem to the environment because of its toxicity and 
widespread presence in industries such as electroplating, metal finishing and chemical 
manufacturing. The discharge of the cyanide-bearing industrial wastes pollutes the 
coastal environment. The fate of cyanide in the environment is quite complex but a 
portion probably ends up being deposited on the seabed. Thus determination of 
cyanide can evaluate the spatial distribution of cyanide species in marine sediment. 
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1.6 Research objective 
Not only is marine sediment an important component of the aquatic ecosystem 
because ofthe niche it provides to benthic organisms, but also it could be a source or 
sink for a wide variety of organic and inorganic materials. Sediment is more likely to 
adsorb contaminants from the surface of particles. Thus the determination of 
contaminants in sediment allows for a comprehensive evaluation of the state of the 
marine environment and the persistence of contamination from anthropogenic 
sources. 
Cyanide is mainly disposed of in the form of dissolved iron cyanide 
complexes. These complexes will interact more with the sediment because of their 
ionic nature and their ability to precipitate. There are many standard procedures to 
determine total cyanide in wastewater and industrial waste by manual distillation. 
Application of these standard procedures to determine total cyanide in sediment gave 
low recoveries and poor precision. Actually, there is no detailed standard method for 
the determination of total cyanide in marine sediments. Even if a method is claimed to 
“ 
be suitable for different types of sample, the user still needs to evaluate the sample 
matrices by himself. In addition, the reported precision and bias of a method may not 
be applicable to all samples. Hence, the development of a simple and reliable method 
for quantitation of total cyanide in marine sediments is desirable. 
As mentioned before, high level of sulphide in sediment presents a significant 
problem to the determination of cyanide because the co-existence of sulphide in the 
absorbing solution after distillation gave signal interference in colorimetric or 
amperometric detection. The standard procedure for the removal of sulphide in the 
absorbing solution is by precipitation with a lead salt and the lead sulphide precipitate 
is removed by filtering. However, lower cyanide recoveries are often obtained if this 
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procedure is performed improperly. It is the objectives of the present work to develop 
a method for the determination of cyanide by alleviating sulphide interference in 
marine sediment. Bismuth ion was chosen as a precipitating agent for sulphide 
because bismuth sulphide has a very low solubility constant (Ks = 10"^ ^ mole^ litre'^ ). 
1.7 Brief description of the proj ect 
In the present work cyanide was extracted from bottom sediment by sodium 
hydroxide followed by reflux distillation in an acidic medium, and the distillate was 
collected in a NaOH solution. The cyanide ion in the absorbing solution was 
determined by FIA with amperometric detection. Different extraction methods are 
evaluated before distillation in order to reduce the interference of sulphide and to 
maximize the recovery of cyanide. 
Bismuth ion was used in two separate stages to eliminate sulphide interference 
in this method, namely, as precipitating agent during alkaline extraction step and as 
“ 
well as at amperometric determination step. Therefore the effect of bismuth on 
cyanide recovery in the presence of sulphide was studied, and the effectiveness of 
bismuth on on-line elimination of sulphide in a FIA system was also evaluated. 
Addition of bismuth ion in the reagent line of the FIA system was required because 
there was a possibility of residual sulphide present in the absorbing solution during 
distillation. 
After optimization of the extraction conditions and the study of the bismuth 
effect on sulphide removal, recovery and precision studies in reference materials and 
real samples were performed to validate this proposal method. 
9 
Other possible interferences such as metal cations, potential cyanide-forming 
organic compounds and carbonates were also studied. 
•• 
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2. INSTRUMENTATIONAND THEORY 
2.1 Instrumentation for flow injection analysis system 
Flow Injection Analysis is basically a new way of automating standard wet 
chemistry. The term was originated in 1974 by Ruzicka and Hansen^^. In this 
technique a liquid sample is injected into a continuous flowing carrier stream and is 
transported downstream into a detector. On its way to the detector, the sample is 
mixed with the carrier and reagent solutions to enable detection by a suitable detector 
and is dispersed. The dispersion or dilution of the sample can be controlled and 
adapted to the required analysis, by a suitable choice of the injected sample volume, 
the flow velocity, the reaction coil length, and the inner diameter of the tubing. 
Analytical conditions are kept constant for both samples and standards. The 
sample concentration can thus be evaluated against appropriate standards, injected in 
the same way as the samples. 
FIA systems are characterized by very short response times. Analytical signals 
“ 
are obtained within seconds which leads to a high sample throughput. The sample 
volume and the reagent consumption are in order of microliters. It is ready to run 
within a few minutes. Unlike comparable techniques, changes in the system can be 
done in simple and fast way. . 
A flow injection analysis system consists of several basic modules to: • 
(1) provide a continuous flow of fluid through the manifold, 
(2) permit the introduction of sample into the flowing liquid stream, 
(3) contain the appropriate length of reactor coils and/or a separation module in 
the manifold, 
(4) detect the sample analyte，and 
1 1 
(5) produce a readable signal proportional in magnitude to the amount of the 
analyte. 
A typical FIA system including all components is shown in Figure 2.1.1^ ^ and 
each component of the system will be described briefly in the paragraphs that follow. 
SAMPLER 
； J o ^ ^ � - - i 
• Ho K COMPUTER 
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I / • 
“^ ^ \ lHJECTOR I  
[C ,yT~\^ ，f ^ RECORDER 
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U«»J � • 
l~J •.: 
PUMP  w 
Figure 2.1.1 Schematic diagram of a flow injection system. C, carrier; R, 
reagent; DET, detector; W, waste. 
“ 
1) Liquid delivery units (pumps) 
The liquid delivery unit is a critical component in a flow injection analysis 
system. The solution in a FIA is pumped through the system by a peristaltic pump, a 
device in which a fluid (liquid or gas) is squeezed through plastic tubes by rollers. 
The peristaltic pump consists of a motor-driven wheel with peripherally placed 
rollers and a compression cam (or band) which is squeezed against the rollers. One or 
several pump tubes are affixed so that they rest on two or more of the rollers at all 
times. Figure 2.1.2^ ^ illustrates the operating principle of the peristaltic pump. Thus 
the pump provides a continuous flow of fluid through the tubes. 
1 2 
� Cam/Band 
d —C>^ "^““ tension 
^ i ^ ^ ^ N 
/ ^^>-^/<^X^^=^CA Spring-loaded 
0 @ 5 ) "。am'ba"d 
- 4 = = ^ ^ k - K 。 " 。 r 
Figure 2.1.2 Relationship between the rollers of a peristaltic pump and the 
pump tube. 
The wheel should rotate at a rate of at least 30 rpm in order to produce a 
smooth flow. However, the flow from a peristaltic pump is never completely pulse-
free. Some basic requirements should be applied to a peristaltic pump used for FIA 
purposes. 
(i) The absolute minimum number of channels, i.e. the number of pump tubes 
that the pump can accommodate simultaneously, should be three for sample, „ 
reagent and carrier. Addition of other channels may be required if more 
reagents are used. 
(ii) The cam or band tension must be adjustable. 
(iii) The flow rate should be in the range 0.3 - 5.0 mL/min. for each channel to fit 
the design of most FIA chemistries. ‘ 
(iv) The pump must be able to start and stop instantly since no extended 
acceleration or retardation is tolerated for stopped-flow applications. 
The flow rate is varied in two ways, either by changing the diameter of the 
pump tubes while keeping the roller rotation speed constant, or by changing the roller 
rotation speed. However, there is a lower limit to the roller rotation speed below 
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which the flow becomes unacceptable due to pulsation. Silicon oil is frequently used 
to lubricate all the surfaces that are in contact with the pump tubes. This lubrication 
fulfills several purposes. The lifetime of the pump tubes is significantly extended. 
Pulsation is decreased and friction created heat is reduced. 
There is no universal method to reduce the pulsation in a system containing a 
peristaltic pump. Lubrication and a correct adjustment of the tube tension are the basic 
means to prevent pulsation. 
2) Sample injection system 
A necessary requirement when performing an analysis based on flow injection 
is to insert a defined and reproducible volume of the sample into the carrier stream. 
To this end injectors of a fixed volume are most commonly used. For a successful 
analysis, it is vital that the sample solution is injected rapidly as a pulse or plug of 
liquid; in addition, the injections must not disturb the flow of the carrier stream. 
Several injector types have been developed and used for FIA. In fact, most HPLC 
valves are suitable for FIA (but not vice versa). The injection volume must be “ 
changeable at least in the range of 5 to 200 ^ iL. Once chosen, the volume should be 
perfectly constant. 
There are two types of injectors, rotary valve injectors and syringe injectors. 
Since the rotary valve injector is commonly used in FIA and has been employed in the 
4 
present research, it is described in details here. 
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Figure 2.1.3^ ^ shows a refined six-port rotary valve injector provided with a 
by-pass to prevent the temporary interruption of the flow. 
\ " 战 么 \ r J ^ M A ^ 
^ 1 ¾ 
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Figure 2.1.3 A rotary sample valve: valve position (a) for filling sample loop, L 
and (b) for introduction of sample into manifold. 
In the fill mode (Figure 2.1.3a)�a sample is aspirated into the sample loop and 
the carrier is led directly to the manifold. In the tum mode (2.1.3b) neither the carrier 
nor the sample stream is interrupted since the flows find their ways through the by-
pass loops. It is important to fill the carrier by-pass loop with carrier solution before 
aspiration of sample starts, otherwise air will be introduced in the system. In the .‘ 
injection mode the carrier transports the contents of the sample loop to the manifold. 
In all modes the by-pass loops are open but only in the tum mode are liquid flowing 
through them. The hydrodynamic resistance is essentially much larger in the by-pass 
loops (0.35 m m i.d.) in comparison with all other conduits connected to the injector 
(0.5-0.9 m m i.d.). ‘ 
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3) Manifolds for mixing and separation 
The manifold is the focus of the physical mixing and the chemical reactions in 
a FIA system. The manifold design can vary considerably depending on the 
conditions defined by the method. In practice, the simplest possible manifold 
configuration is illustrated in Figure 2.1.4. 
C  
R ^^fc ^ ^ y ^ __^  To reactor coil 
I Y ^X or detector 
T Reactor coil 
Figure 2.1.4 Simple manifold layout in FIA. T, tee joint; C, carrier; R, reagent. 
It consists of a tee for the merging of the carrier and reagent streams and a 
coiled reaction tube. The reaction tube is situated between the tee and the detector. It 
is，in most cases, made of PTFE. The length of the reaction tube is normally in the 
u 
range of 10 - 100 cm. A suitable coil diameter is 5 — 40 m m . The tube is coiled not 
only to save space and keep the system neat but, more importantly, to enhance axial 
dispersion and to increase radial mixing of the sample and reagent. Both of them lead 
to more symmetric peaks. 
Separations by dialysis, by liquid/liquid extraction, and by gaseous diffusion . 
are readily carried out automatically with the flow injection analysis system. All of 
them can be regarded as a way of isolating an analyte from sample matrix. Since the 
gas diffusion method has been used in this research, it is described in detail here. 
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A gas diffusion cell is used in a FIA system to transfer a gaseous analyte from 
a donor stream to an acceptor stream. The separation is carried out in a module similar 
to that shown in Figure 2.1.5. 
Membrane 
Acceptor \ 
^^s^^ \ y ^ ^ To reactor 
^ v ^ ^X and detector 
Sample ~ ^ ^ ~ 
(gaseous analyte) ^ ^ ^ ^ w 
~ ^ M ^ . 
To waste 
Figure 2.1.5 A gas diffusion cell. 
The two streams are separated by a gas permeable membrane which is usually 
a hydrophobic microporous material, such as Teflon or isotactic polypropylene. The 
membrane thickness, in most cases is, less than 0.5 m m . An example of the use ofthis 
type of separation technique is found in a method for determining weak acid 
•I 
dissociable (WAD) cyanide in wastewater sample, where the sample is injected into a 
carrier stream of dilute hydrochloric acid, which is then directed into a gas-diffusion 
module, where the liberated hydrogen cyanide (HCN) diffuses into an acceptor stream 
containing sodium hydroxide (NaOH) solution. This stream then passes through an 
amperometric detector, which yields a signal that is proportional to the cyanide ‘ 
content of the sample. 
The lifetime of the membrane is largely dependent on the nature of the 
samples. Clean samples such as rain water samples and distilled samples seldom 
cause deterioration to the membrane and may permit daily analysis for several months 
without changing the membrane, while for highly polluted water samples it may be 
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necessary to change the membrane after every run. The membrane must not be 
excessively stretched when it is mounted since such handling will alter the diffusion 
properties and shorten the lifetime. 
4) Detectors 
A detector, located at the end of the manifold, senses the presence of the 
analyte or analyte/reagent product. Detection in FIA system has been carried out by 
atomic absorption and emission instruments, fluorometers, electrochemical systems, 
refractometers, spectrophotometers and photometers. Over the last few years there has 
been increased interest in the usage of amperometric detectors, particularly for 
analysis where high selectivity and sensitivity are required. Several papers^ '^^ '^^ ' 
report the determination of single electroactive species such as cyanide (CN') by FIA 
interfaced with amperometric detectors. Since the amperometric detector has been 
employed in the present research, it is described in details here. 
With the introduction of a new high performance amperometric flowcell, the 
measurement performance has been raised to a level unsurpassed by any other “ 
analytical instrumentation. The new flowcell has a number of advantages: 
i) Elimination ofbubbles sticking in the flowcell. 
This flowcell allows bubbles to pass through the cell without hanging up on 
the flowcell wall or the electrode. 
ii) Shorter analysis time. 
It has a significantly smaller "dead volume". This feature means narrower 
analytical peaks, and more accurate signal detection. The sharp peak also 
allows more rapid analysis. 
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iii) More reliable reference electrode. 
The reference electrode stability has been improved. Typically, this means that 
the flowcell can go unattended for 3-8 weeks under normal operation. 
The structure of the flowcell is illustrated in Figure 2.1.6. It consists of two 
blocks, the lower one is called an electrode block which embeds a silver working 
electrode. The upper one is called a reference block which has three cavities for 
installation of a reference electrode and a counter electrode and connection to the 
manifold. There is a gasket of 0.005" thickness sandwiched between the two blocks. 
The gasket provides a channel wall for 0.1 M NaOH acceptor passing through such 
that the three electrodes sense the electrolyte at the same time. 
“ To Waste 
-/•�,," \ 
Ag/AgCl ^ = ^ Pt Counter 
Reference Electrode ！ 1 ^ ^ Electrode 
\ M : ~ ^ ^ ^ 
X ^ liyS>X^ Ion-exchange 
f ^ ^ X ^ membrane 
Flow m ^ l " y ^ ~ ^ y Ag Working 
^ ^ ^ ^ ^ / ^ ^ y ^ Electrode 
Figure 2.1.6 High performance amperometric flowcell 
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The working electrode requires little maintenance and should never need to be 
replaced. However, it may need to be cleaned periodically if a rapid decline in 
electrode response occurs. This is due, at least in part, to dissolve carbon dioxide in 
the electrolyte that lead to silver carbonate plating out on the electrode surface (Ksp = 
8.1 X 10—12 ) Precautions taken to mitigate this problem include daily replenishment 
of 0.1 M NaOH with freshly deaerated solution. Despite this precaution, it is still 
necessary to polish the electrode surface by a small amount of toothpaste until the 
electrode has a shiny appearance. Moreover, a very unstable and noisy baseline is due 
to air bubbles generated inside the filling solution of the reference electrode. This 
problem can be solved by refilling the reference electrode with a saturated silver 
chloride/potassium chloride filling solution. 
Amperometry is a simple, sensitive and convenient method for the 
determination of cyanides. However, the drawback of amperometric method is that it 
is subject to sulphide interference. Therefore sulphide interference should be 
eliminated by sample pre-treatment before signal detection in the FIA system. 
II 
5) Computer 
Computer interactions with analytical instruments become more prevalent 
nowadays. It is commonly used for the control of the other components and for data 
handling, processing, storing, file searching, and display. The output from the 
computer controls the sequence of steps and real-time operation of the instrument. 
Normally, the computer will handle data collection, adjusting the detector response, 
controlling the sample injection sequences and movement of the rotary valve at the 
same time. Instruments with computer control can be automated, though may be to 
different degrees. 
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2.2 Basic principles of Flow Injection Analysis 
After the sample is introduced into the manifold with a sampling valve, the 
sample zone has the rectangular concentration profile shown in Figure 2.2A{af^. As it 
continues moving through the tube of the manifold, band broadening or dispersion 
takes place as a consequences of two phenomena: convection and diffusion. Thus 
these two determine the shape of the resulting zone. 
— Direction of flow • 
— ~ ~ r ^ ~ ^ w ~ m ~ 
l [ — — T 1 A 
！ J - ] 。 J l 
I I L _ < ^ L - ^ � _ < J � 
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Figure 2.2.1 Effects of convection and diffusion on concentration profiles of 
analytes at the detector: (a) no dispersion; (b) dispersion by 
convection; (c) dispersion by convection and radial diffusion; (d) 
dispersion by diffusion. 
Convection arises from laminar flow in which the centre of the fluid moves 
more rapidly than the liquid adjacent to the walls, thus creating the parabolic front and 
the skewed zone profile shown in Figure 2.2.1(b). 
In principle, two types of diffusion can occur - radial, or perpendicular to the 
flow direction, and longitudinal, or parallel to the flow. It has been shown that the 
latter is of no significance in narrow tube, whereas radial diffusion is always 
important under this circumstance. In fact, at low flow rate it may be the major source 
of dispersion. When such conditions exist, the symmetrical distribution shown in 
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Figure 2.2.1(d) is approached. In fact, flow injection analyses are usually performed 
under conditions in which dispersion by both convection and radial diffusion occur; 
peaks like that in Figure 2.2.1(c) are then obtained. 
Dispersion is defined as the amount that the chemical signal is reduced by 
injecting a sample plug into a FIA system. This is represented mathematically by 
D = Co / C 
where D is the dispersion coefficient at the peak maximum produced by the ratio 
between C� �the analyte concentration of the injected sample, and C, the concentration 
ofthe same analyte as it passes through the detector [see Figure 2.2.1(c)]. Dispersion 
is readily measured by injecting a dye solution of known concentration C。and then 
measuring the absorbance in the flow-through cell. 
The dispersion coefficient is useful in that it allows comparisons of different 
manifolds. Further, it can provide a means of verifying and monitoring the extent of 
sample dilution resulting from changes made to the manifold during method 
development. The main characteristic ofFIA, as defined by Ruzicka and Hansen��，is 
reproducible timing that allows for reproducible physical mixing and dilution. They “ 
are called controlled dispersion because of the recognition that the sample is 
reproducibly diluted as it travels down the tubing of the manifold. It is clear that 
different degrees of dispersion are necessary depending on the application being 
carried out or the detector that is used. In the flow injection literature, the terms 
limited, medium, and large dispersion are frequently encountered. These adjectives 
refer to dispersions of 1 to 3，3 to 10, and greater than 10，respectively. For example, 
the dispersion coefficient can be less than 1 for preconcentration, between 1 and 3 for 
selective detectors, between 3 to 10 for chemical manifolds and some separation 
techniques, and greater than 10 for FIA titration. 
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Dispersion is influenced by three interrelated and controllable factors, namely 
sample volume, tube length and pumping rate. The effect of sample volume on 
dispersion is shown in Figure 2.2.2(a). As can be seen, a decrease in sample 
dispersion to 1 occurs when the sample volume is increased from 60 to 800 ^ L. Under 
these circumstances, no appreciable mixing of sample and carrier takes place, and 
thus no sample dilution has occurred. The ease with which sample volume can be 
changed makes this approach one of the most convenient ways to manipulate sample 
dispersion. However, a practical restriction is that it cannot be changed more than a 
factor of 3 - 4. Figure 2.2.2(b) demonstrates the effect of tube length on dispersion 
when sample size and pumping rate are constant. Note that a decrease in sample 
dispersion occurs when the tube length is reduced from 250 to 20 cm. Finally, an 
increase or a decrease in pumping rate (change in total flow rate) has a very small 
influence on sample dispersion but differential flow rate variations between the carrier 
and reagent produce significant changes in sample dispersion. 
1^ ^ “ io, ~jC>, 
^ < ^ 800 Steady state 0.5 - ^ , ^ ” 
l Z - ^ ^ ^ Y ^ \ l . 。 I -2。 
--il\ \ jp 
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^ i- 1 L 
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{b) 
Figure 2.2.2 Effect of sample volume and tube length on dispersion, (a) tube 
length: 20 cm; flow rate: 1.5 mL/min; volume in i^L. (b) sample 
volume: 60 fiL; flow rate: 1.5 mL/min. 2 3 
2.3 Basic principles of amperometric detection 
Electrochemical detection is based on the transport of an electroactive species 
towards the surface of a sensor. Ideally, the detector responds only to the species 
which are present in the absolute vicinity of the sensor surface. Amperometry is one 
of the electrochemical techniques used in FIA. It has the advantage relative to other 
electrochemical detectors that only a single stoichiometry applies: 
A g + 2CN- — Ag(CN)2" + e. 
The amperometric detector measures the current generated during the cyanide 
oxidation of the silver working electrode at constant potential. This current in 
picoamperes is then converted to a voltage and digitized by a 24 bit A-to-D converter 
for screen display and peak height determinations. Proper choice of the applied 
potential of the working electrode is necessary to achieve high sensitivity and to 
minimize interferences. Thus the optimum potential setting of 0 m V is applied to the 
working electrode for cyanide determination^ .^ 
Any species electroactive at the potential of the working electrode would 
i< 
interfere after entering the amperometric flowcell. Hydrogen sulphide, a volatile 
electroactive molecule, can interfere with the free cyanide measurements. It is 
important to avoid interferences or separate interfering sample components prior to 
amperometric measurement. 
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3. EXPERIMENTAL 
3.1 Instrumentation 
3.1.1 Equipment for FIA system 
In this study, cyanide levels were determined by a Perstorp Analytical 
Environmental Model 3202 FIA System, which is shown in Figure 3.1.1.1. It was 
constructed of modular components and consisted of a peristaltic pump, an 
autosampler, a PTFE rotary valve and an electrochemical detector. The front panel of 
Autosampler 
穆 
Figure 3.1.1.1 Flow Injection Analysis (FIA) System for the determination of 
cyanide. 
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the 3202 FIA system is illustrated in Figure 3.1.1.2. Analyte detection was based upon 
the gas diffusion method using a high performance amperometric flowcell as detector. 
Data acquisition, calculation, and operation of the FIA were controlled by a 
workstation. Quantitation was by peak height, which is the usual practice in FIA, via 
comparison to external standards. The dynamic range of this method was 10 to 100 
i^g/L CN" using a 200 ^ iL sample volume. The limit of detection of this method was 
found to be 2 ^ig/L CN" and the precision was about 2.7 % RSD at 10 ^ g/L level. 
Pump Valve Gas diffusion Amperometric 
module module module detection module 
U\ K> 
T~T® Bjn erra erre srs crp^ 
• y r ] " 為 " 荡 。 0 _ ® 。 e« p ® 
[ 丨 帝 : _ : _ 6 [ i 
® L_, ® ® ® © ® ® ifiLJfll ®o ¢ ^ ½ ^ ® 
„ 一 " •" . 
^ ^ r» Qlg *tT gla olo oio 一 ^jJi[ 
“ 
Figure 3.1.1.2 Front panel of3202 FIA system. 
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Figure 3.1.1.3 is a schematic diagram of the flow system originally used for 
the determination of weak and dissociable cyanide (WAD). It was employed for this 
research work with some modifications in order to be suitable for chemical analysis of 
cyanide in sediment samples. The acidifying reagent was changed by using a pH 4 
citric acid/sodium citrate buffer with bismuth nitrate instead of using hydrochloric 
acid in the determination ofWAD. The purpose ofadding bismuth nitrate is to reduce 
sulphide interference by on-line precipitation ofbismuth sulphide (Bi2S3, Ksp = 1 x 
10-97) if sample contains a small amount of sulphide. The second modification was to 
increase the length of mixing coil such that complete reaction between bismuth and 
sulphide was achieved. The modifications could eliminate sulphide interference up to 
a sulphide concentration of 20 mg/L in the solution. 
Waste 
Acceptoi^  ^ ^ ^ M P ^ 
Air 1 ~ 
Acid 1 » _ L J ^ _ 
Carrier ( T V l ^ C ^ ^ | 
^Jj< Waste 200Ml^  
Pump 
Figure 3.1.1.3 FI manifold used for quantification of cyanide in sediment 
sample. Acceptor (0.1 M NaOH); Acid (pH 4 citric acid/sodium 
citrate buffer with 1 mM bismuth nitrate); Carrier (distilled 
water); MC, mixing coil (300 cm x 0.5 mm i.d.); GDC, gas 
diffusion cell; AMP, amperometric flow-through cell. 
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The flowing streams were propelled by means of a peristaltic pump and the 
flow rates for each of the reagent lines were as follows: 
Sample (white/white) 2.0 mL/min. 
Carrier (blacky^ lack) 11 mL/min. 
Acid (red/red) 2.8 mL/min. 
Acceptor (white/white) 2.0 mL/min. 
Air (orange/white) 0.8 mL/min. 
The following optimized FIA system operating conditions were used and care 
was taken to ensure that the BIAS potential was selected to 0 m V in order to minimize 
background current and lower susceptibility to interferences^ '^^ .^ 
Sample injection time: 0 to 150 sec. 
Sample load time: 150 to 270 sec. 
Cycle time: 270 sec. “ 
Sample loop: 200 ^ L 
Temperature: 20 °C - 25 °C 
Detector BIAS potential: 0 m V 
Evaluation: peak height 
Gain: 1 
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3.1.2 Equipment for cyanide distillation 
A Lab-Crest® midi-distTM distillation system was used for cyanide distillation 
of samples. The distillation system conformed to U.S. EPA Methods 335.2 CLP-M 
and 335.4 and is illustrated in Figure 3.1.2.1. The system is comprised of 10 complete, 
borosilicate glass units and a 10 position aluminum heat block with heating 
temperature at 125°C and apparatus holder, coated with Teflon for corrosion 
resistance. The glassware, heater, water and vacuum manifolds, controls and 
connections are integrated into a single, compact system, which can efficiently carry 
out multiple sample analysis. 
As shown in Figure 3.1.2.2，each distillation unit mainly consists of: 
(a) A reaction flask 一 a flat-bottom flask that can accommodate up to a total of 
100 m L sample and reagents. 
(b) An absorbing flask - identical to reaction flask and with 50-mL indicator 
mark. 
(c) A microcondenser - fits reaction flask; has air and reagent intake, and a full-
length impinger. “ 
(d) A cold finger - fits microcondenser; has two hose barbs for water circulation. 
(e) An absorption impinger - a full-length impinger with a 13 m m , medium 
porosity glass filter. 
The advantages of the system are high sample throughput, thus low test cost, 
and low hazardous waste generation. 
'• 
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Figure 3.1.2.1 A Lab-Crest® midi-disr^ distillation system. ‘ 
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Figure 3.1.2.2 Major components of distillation apparatus. 
After the reaction flask, the microcondenser and the absorbing flask are 
connected as shown in Figure 3.1.2.2，a vacuum force is applied at the absorbing flask 
such that air is drawn from the air inlet of reflux impinger. This air rate will carry 
H C N gas from the reaction flask through the microcondenser and the tygon tubing to 
the absorbing flask, and the liberated H C N gas is trapped in the sodium hydroxide 
solution. 
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3.1.3 Mechanical shaker 
A platform type shaker with reciprocal motion was used. The shaking speed 
was continuously adjustable. 
3.1.4 Volumetric glasswares 
All volumetric glasswares were of class B or better and were calibrated to the 
relevant BS Standard before use. 
3.2 Reagents 
Reagents used were of analytical reagent grade or equivalent, unless otherwise 
specified. Water was distilled by a Frisons Fistreem C y d o n ™ Distiller. 
3.2.1 Reagents for extraction 
3.2.1.1 Sodium hydroxide solution, 6 M: 
H 
240 g sodium hydroxide was dissolved in lL of water. 
3.2.1.2 Glycerol, 10 %(w/v): 
10 g glycerol was mixed with 100 m L of water. 
3.2.1.3 Bismuth nitrate solution: 
60 g bismuth nitrate pentahydrate was dissolved in 100 m L of water. 
While stirring, 500 m L of glacial acetic acid was added and was 
diluted to 1 L with water. 
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3.2.2 Reagents for distillation 
3.2.2.1 Sodium hydroxide solution, 1 M: 
40 g sodium hydroxide was dissolved in water and was made up to lL. 
3.2.2.2 Sulphamic acid solution: 
40 g sulphamic acid was dissolved in 1 L of water. 
3.2.2.3 Magnesium chloride solution: 
510 g of magnesium chloride hexahydrate was dissolved in 1 L of 
water. 
3.2.2.4 Sulphuric acid, 50 %(v/v): 
250 m L concentrated sulphuric acid was diluted to 500 m L with water. 
3.2.3 Reagents for FIA system 
3.2.3.1 Acceptor solution, 0.1 M NaOH: 
100 m L 1 M NaOH solution was diluted to 1 L with water. 
3.2.3.2 Hydrochloric acid, 0.1 M: 
8.6 m L conc. HC1 was diluted to 1 L with water. “ 
3.2.3.3 Citric acid solution: 
42 g citric acid was dissolved in 600 m L of water, 200 m L of 1 M 
NaOH solution was added and the solution was diluted to 1 L with 
water. 
3.2.3.4 Acid solution: 
0.24 g of bismuth nitrate pentahydrate was dissolved in 240 m L citric 
acid solution (3.2.3.3). After completely dissolved, 260 m L 0.1 M HC1 
was added to the solution and the solution was then adjusted to pH 4 
by addition ofNaOH solution or HC1. 
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3.2.3.5 Carrier solution: 
Distilled and deionised water was used. 
3.2.4 Stock cyanide solution (1000 mg CN7L): 
The stock standard solution was prepared by weighing about 0.25 g of 
potassium cyanide in a 100-mL volumetric flask and was then made up to the mark 
with 0.01 M NaOH solution. The stock cyanide solution was standardized 
immediately before use by titration with a standard silver nitrate solution using 
rhodanine as an indicator. 
3.2.5 Working standard solutions (0 - 0.1 mg CN7L): 
Working standard solutions were prepared by pipetting appropriate amount of 
stock standard solution in a 100-mL volumetric flask and diluting to the mark with 
0.01 M NaOH solution. 
f/ 
3.3 Sample preparation 
3.3.1 Extraction procedure 
The sediment sample (1-2 g dry or 5 g wet) was weighed accurately in a 50-
m L polypropylene tube and 7.5 m L of 6 M sodium hydroxide solution was added, 
followed by 3 mL of bismuth nitrate solution and 0.5 mL of 10 % glycerol. The 
mixture and the final volume of solution were adjusted to 20 m L with distilled water. 
The pH of the extract was maintained above 12 throughout the extraction step. Since 
some sample might be acidic, the extraction tube was shaken for one minute and then 
the pH of the mixture was checked. If the pH was below 12, 50 % NaOH was added 
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in 1 m L increments until it was at least 12. The extraction tube was capped and placed 
in a mechanical shaker and was shaken for about 16 hours. Care was taken to ensure 
that all sample surfaces were continuously brought into contact with the extraction 
fluid in order to prevent stratification of the sample and fluid. In order to prevent the 
decomposition of complexed cyanide under diffused sunlight, the outer surface of the 
extraction tube was covered with an aluminum foil in this work. 
3.3.2 Evolution of cyanide 
The reflux distillation procedure was carried out as described in A P H A and 
USEPA29'3o for aqueous sample. The concentrations of each of the reagents were 
listed in 3.2.2. The reagents for distillation were as follows: 50 m L of sulphamic acid 
and 50 m L of sulphuric acid were used, followed by 20 m L of magnesium chloride. 
Since the midi-distillation apparatus was employed for this research work, the 
amounts ofall reagents used were scaled down to one-fifth of reagent amounts in the 
original distillation procedure. 
After complete extraction, the mixture was totally transferred to the distillation “ 
flask. To the absorbing flask, 10 m L of 1 M NaOH was added and then distilled water 
was used to make up to 50 mL. The absorbing flask was connected to the condenser 
outlet tube and cooled by circulating water in the condenser. The reaction flask was 
connected to the condenser and then vacuum was applied to the absorbing outlet so 
that three to four bubbles per second entered the liquid in the reaction flask. 10 m L of 
sulphamic acid solution was added through the air inlet tube. After the mixture was 
mixed for three minutes, 10 m L of 50 % sulphuric acid was slowly added through the 
air inlet tube, followed by 4 m L of magnesium chloride reagent, and the inlet tube 
was washed with a few millilitres of water. 
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The mixture was refluxed for one hour at 125°C and care was taken to ensure 
that the air flow was maintained, and foaming or suck-back did not occur in the 
reaction flask. When heating was stopped, the air flow was continued for at least 15 
min. The reaction flask was cooled and the absorbing solution was transferred to a 
clean polypropylene bottle. 
3.3.3 Chemical analysis 
The concentration of free cyanide in the absorbing solution was measured by 
an automated gas diffusion method with amperometric detection as described in 3.1.1. 
Residual sulphide remaining in the absorbing solution was determined using the 
methylene blue method〕〗 and the absorbance of the resulting methylene blue was 
measured at 664 nm. The pH of the extraction solution was measured by the Ross® 
combination pH electrode. 
” 
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4. RESULTS AND DISCUSSION 
4.1 Effect of bismuth on on-line precipitation of sulphide in FIA 
In order to demonstrate the effectiveness ofbismuth in on-line elimination of 
sulphide interference in a FIA system, different amounts of sulphide, ranging from 0 
to 20 mg/L, were injected into the manifold. It was found that there were no sulphide 
signals detected, indicating that sulphide was not causing interference within this 
range, but a little amount of bismuth sulphide was found deposited along the mixing 
coil’ especially at high concentration of sulphide. Although the interference was 
eliminated up to a sulphide concentration of 20 mg/L by the addition of bismuth 
nitrate in the acidifying reagent, it was not advisable to inject high level of sulphide 
into the system because a large amount ofbismuth sulphide deposited on the tube wall 
would affect the overall flow rate ofthe manifold. 
4.2 Calibration 
“ 
A series ofworking standard solutions of CN' in the concentration range ofO -
100 ^ ig/L were prepared by pipetting 0，1.0, 3.0, 5.0’ and 10.0 m L of intermediate 
standard solution (1 mg/L) into 100-mL volumetric flasks and then diluting to the 
mark with 0.01 M NaOH solution. An aliquot (200 ^ iL) of each working standid 
solution was injected into the manifold. 
The calibration graph was obtained by plotting the peak height (pA) against 
the concentration of the respective working solution. An Initial Calibration 
Verification (ICV) should be analyzed immediately following the plotting of the 
calibration graph. An ICV was a standard ofknown concentration and prepared from 
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an independent source of standard, which was used to verify the validity of the 
calibration graph. As shown in Figure 4.2.1, the calibration graph for cyanide was 
linear with the correlation coefficient (r) greater than 0.995. The peak pattem of each 
standard was illustrated in Figure 4.2.2, which shows that peaks were very sharp and 
the baseline was stable for amperometric detection. 
“ 
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Figure 4.2.1 Calibration graph of cyanide showing peak height against 
concentration. 
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Figure 4.2.2 Peak chromatogram of cyanide standards. 
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4.3 Effectiveness of the distillation conditions 
The effectiveness of the distillation method described by other workers^ '^^ ® 
was assessed by determining the recovery of distillation of ferricyanide at different 
concentrations. In highly acidic media, ferricyanide was totally dissociated on heating 
and could be recovered as cyanide. An experiment was applied to standards 
containing Fe(CN)6^^ in concentration ranging from 0.1 to 20 mg/L as CN', and 5 m L 
of each of the standard solutions was used for distillation. In this case, the alkaline 
extraction step as described in 3.3.1 for sediment was not necessary, as the purpose 
was to study the recovery of ferricyanide on distillation. The vacuum of the 
distillation apparatus was adjusted so that the airflow rate through the inlet tube was 
about three to four bubbles per second. The heating temperature was preset at 125 °C. 
After 1 h ofdistillation cyanide ions in the 50 m L absorbing solution were determined 
by FIA with amperometric detection. The results are shown in Table 4.3. 
The results indicate that the decomposition of ferricyanide to free cyanide by 
the Midi-dist distillation apparatus was complete up to a concentration of 20 mg/L as 
CN". The overall recovery of ferricyanide was greater than 95 %. The results proved 
that the distillation conditions could be used for the determination of complex cyanide 
at least up to 20 mg/L as CN", which is well above the concentration commonly 
encountered in environmental samples. 
« 
4 1 
Table 4.3 Recovery of distillation for Fe(CN)6^^ at different concentrations. 
Fe(CN)6^^ Concentration (mg/L as CN) 
— Recovery (%) 
Added Measured 
0.1 0.0968 97 (2.2) 
0^ 0.49 98(1.7) 
1.0 0.959 96(1.0) 
5.0 4.84 97(1.3) 
10.0 ^ 95(1.1) 
20.0 18.92 95 (1.0) 
% R S D (n=3) were given in parentheses. 
4.4 Comparisons of cyanide extraction methods for sediment 
analysis 
There are many standard practices for the extraction of cyanides in solid 
samples, each of which is only suitable for a certain type of samples. The extraction 
procedure (A) described in the USEPA method^^ is designed for the extraction of 
soluble cyanides from solid and oil wastes with the limitation that it is not applicable 
” 
to samples containing insoluble cyanide compounds. The second method (B) is the 
extraction of complex cyanide in soil samples by heating". The third extraction 
procedure (C) described in the A P H A method^^ is for the determination of total 
cyanide in solid waste. 
Four methods of cyanide extraction were studied in this work to evaluate the , 
effectiveness of different extraction conditions. Interlaboratory comparison samples 
obtained from the programme on International Sediment Exchange for Tests on 
Organic Contaminants (SETOC) were used for the verification and comparison of 
these extraction methods. There were median values of total complex cyanide 
concentration for the samples and the samples can be used as reference materials to 
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evaluate the accuracy and precision of the analytical procedures. About 1 g of sample 
was used, and the extraction procedures are listed below: 
A: Extraction with 20 m L 0.5 % NaOH solution by shaking for 16 h using a 
shaker, followed by distillation as described in 3.3.2. 
B: Extraction with 20 m L 1 % NaOH solution by heating on boiling water bath 
for 3 h, followed by distillation as described in 3.3.2. 
C: Extraction with 20 m L 10 % NaOH solution by shaking for 16 h using a 
shaker, followed by distillation as described in 3.3.2. 
D: Only by distillation as described in 3.3.2 in order to show the effect of pure 
acidic dissociation by distillation. 
The pH values ofthe extracts from A - C methods prior to distillation were measured 
before the mixture was transferred to the reaction flask of the distillation apparatus 
and all the solutions were found to have pH greater than 12. 
The results obtained with the different extraction methods are presented in 
Table 4.4. The overall recovery obtained from Method D was lower than the other 
three methods, and some of the samples got very low recoveries. The results proved “ 
that acidic distillation alone only gave partial decomposition of some complex 
cyanides in the sediment. Method C gave the highest values, which indicated more 
complete recovery of complex cyanides compared to other extraction methods. 
Although the use of concentrated sodium hydroxide for the extraction of samples has 
« 
a possibility of producing more potentially interfering dissolved organic materials in 
the extract, reflux distillation under strong acidic medium was found to be able to 
eliminate most of these interferences. 
As weaker NaOH concentration would be more prone to the influence of 
sediment acidity, it was necessary to check the pH of the extracts during and after 
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extraction to ensure that they were kept at values greater than pH 12. The results 
obtained from Method A and B gave slightly low recoveries. 
The purpose of NaOH extraction was to leach out cyanides adsorbed to the 
sediment surface, where alkaline solution could dissolve part of the silica matrix and 
release complex cyanides firmly attached to sediment before distillation. The high 
recoveries for Method C were in-line with our deduction. After alkaline extraction, 
the transport rate of cyanide through the solid phase to the extraction solution was 
increased producing a large amount of soluble complex cyanide which was 
dissociated by means of acidic distillation. 
Table 4.4 Recoveries (%) of different alkaline extraction methods for total 
complex cyanide in SETOC. 
~~Sample~~ Total-CN- A B C D  
Complex®, mg/kg 
SETOC 1 1.65 84.4(11.2) 77.8 (6.83) 108 (3.48) 83.9 (4.58) 
SETOC 2 1.40 93.6(3.55) 83.2(1.04) 116(2.68) 90.5 (1.31) 
SETOC 3 16.7 79.5 (1.73) 80.1 (2.99) 101 (5.92) 27.3 (9.43)' 
SETOC 4 5.00 89.6(1.42) 88.5 (4.28) 106(1.93) 85.9 (3.00) 
SETOC 5 1.80 111 (13.7) 89.0(15.9) 157(7.09) 36.6(17.7) 
SETOC 6 1.49 b b 110(2.47) 92.2 (3.18) 
SETOC 7 5 b b 102 (5.83) 81.8 (3.82) 
% RSD (n=3) were given in parentheses. . 
® - Results expressed as median value ofInterlaboratory comparison exercise, 
b - Insufficient sample for determination. 
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4.5 Effect of bismuth nitrate on cyanide recoveries 
Most analytical procedures for the determination of cyanide suffer from 
sulphide interference. As sulphide and cyanide co-exist in many real world samples, 
this presents a significant problem in cyanide determination. The standard procedure 
for the removal of sulphide is by precipitation with lead or cadmium salt^ '^^°. The total 
cyanide determination method described in USEPA^® recommends that bismuth 
nitrate solution be added to sample in distillation procedure if it is suspected to 
contain high concentration of sulphide. If the sample does not contain sulphide, 
addition of bismuth is not necessary. However, the method does not state the level of 
sulphide that can be removed by bismuth in the distillation step. 
In the proposed method, sample was extracted under strong alkaline condition, 
which accelerates the reaction between sulphide and cyanide to form thiocyanate. 
Thus, bismuth nitrate was added during alkaline extraction such that bismuth reacted 
with sulphide to form insoluble bismuth sulphide in the alkaline medium. The 
effectiveness of sulphide removal by bismuth was studied for different sulphide 
concentrations. “ 
In order to evaluate the effect of bismuth nitrate on the recovery of cyanide in 
the absence of sulphide, different volumes of 60 g/L of bismuth nitrate solution, 
ranging from 0 to 5 mL, were applied to the synthetic samples containing 2 ^ ig CN", 
7.5 m L of 6 M NaOH solution and 0.5 m L 10 % glycerol. The final volume of the 
« 
mixture was made up to 20 m L with water. The mixture was extracted by shaking for 
16 hr on a mechanical shaker. Since bismuth nitrate solution was prepared by 
dissolving it in 50 % acetic acid, part of the NaOH in the extraction solution was 
neutralized by acetic acid. The resulting alkaline strength for each of the extracted 
samples would be weaker than expected. It was also found that white gelatinous 
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precipitate was produced because of the formation ofbismuth hydroxide, which stuck 
on the surface of the extraction tube. The amount of white precipitate was increased 
with increase in the volume of bismuth nitrate. The presence of bismuth hydroxide 
induced a loss of cyanide if it was not completely transferred into the reaction flask 
for acidic distillation, because of the likelihood of the loss of some cyanide by 
complexation or by occlusion on the precipitated bismuth hydroxide. The purpose of 
adding glycerol in the alkaline extract was to let it act as a wetting agent to reduce the 
adhesion of bismuth hydroxide on the tube surface. Another set of samples was 
prepared in the same way as the procedure described above, but without the addition 
ofcyanide standards for blank analysis. Identical samples were run in triplicate. 
The results are shown in Table 4.5.1，which show that the addition ofbismuth 
nitrate did not affect the recoveries of free cyanide except for the volume of bismuth 
nitrate at 5 m L where a decrease in recovery was found. The reason was probably 
because the pH ofthe extract was neutralized to near 7，resulting in the possible loss 
ofcyanide during the extraction period. The blank samples did not give any detectable 
amount of cyanide, i.e. less than 2 ^ ig/L, indicating that the reagents used were free “ 
from cyanide and did not cause contamination. 
« 
•• 
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Table 4.5.1 Effect of bismuth nitrate on recovery of free cyanide without 
sulphide interference. 
Vol. of60g/L bismuth “ 77； " “ ^ ~ " ~ 
nitrateadded,mL Recovery(%) % RSD (n=3) 
0 97.3 0.6 
0.5 97.4 1.1 
1.0 99.1 1.6 
2.0 97.2 1.4 
3.0 98.9 1.5 
4.0 94.8 1.8 
5.0 83.5 5.2 
The effect ofbismuth nitrate on the recovery of2 ^ g ferricyanide as CN" in the 
absence of sulphide was also examined. The results are shown in Table 4.5.2. The pH 
values of the extracts were found to be greater than 12 except the sample having pH 
close to 7 when 5 m L ofbismuth nitrate was added. The results obtained were similar 
to those found previously for free cyanide. There was a slight decrease in recovery “ 
when 5 m L of bismuth nitrate was added, probably because of incomplete transfer of 
the extract mixture to the reaction flask due to formation of bismuth hydroxide 
precipitate. As a result, a decrease in recovery and poorer precision were obtained. 
In conclusion, the addition ofbismuth nitrate during alkaline extraction did not 
« 
affect free cyanide and ferricyanide recoveries in the absence of sulphide. 
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Table 4.5.2 Effect of bismuth nitrate on recovery of ferricyanide without 
sulphide interference. 
Vol. of bismuth nitrate, : ^ ^ „, _ ^ _ ^~~“ 
60g/L added, mL Recovery (%) % RSD (n=3) 
0 99.7 2.4 
0.5 96.5 1.6 
1.0 96.8 4.5 
2.0 94.7 3.7 
3.0 99.4 1.0 
4.0 94.8 5.4 
5.0 90.2 '6.4 
4.6 Effect of bismuth nitrate on cyanide recoveries in the presence 
of sulphide 
Further investigations on the effect of bismuth nitrate on free cyanide and 
complex cyanide in the presence of sulphide were also carried out. In these 
“ 
experiments, three parameters such as CN' concentration, volume of bismuth nitrate 
solution and sulphide level were considered. Recoveries of cyanide and removal 
efficiency of sulphide by bismuth were studied at different levels of sulphide. 
Sulphide concentrations, ranging from 60 to 400 mg/L, were studied because this 
range was the common level of sulphide found in marine sediments. Sulphide solution . 
was prepared from sodium sulphide. Another set of samples was prepared in the same 
way, but without the addition of cyanide standards for blank analysis. 
Figure 4.6.1 shows the recovery of2 jig free cyanide against different volume 
of bismuth in the presence of sulphide. Recovery of cyanide was found to depend on 
sulphide level, i.e. low cyanide recovery was obtained in the presence of high 
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sulphide level. At sulphide level of 420 mg/L, the recoveries were found to be lower 
than those at 120 mg/L and 250 mg/L, but a recovery of 80 % was still attained when 
3 m L of bismuth nitrate solution was used. Without the addition of bismuth nitrate 
solution, recoveries were below 75 % for all sulphide levels, and worst when sulphide 
level was high in sample solution, e.g. 35 % recovery at sulphide level of 420 mg/L. 
The blank samples did not give any detectable amount of cyanide, i.e. less than 2 
i^g/L, indicating that sulphide and the reagents used were free from cyanide. 
Besides the determination of cyanide recovery, the removal efficiency of 
sulphide by bismuth nitrate was also tested. Sulphide was determined using the 
methylene blue method and the absorbance was measured at 664 nm by a 
spectrophotometer. 
Removal efficiency of sulphide by bismuth is shown in Figure 4.6.2. The 
results indicate that the removal efficiency increased as bismuth concentration 
increased, and 3 m L of bismuth nitrate solution was sufficient for removal of over 
80% sulphide up to sulphide concentration of 420 mg/L, and there was only slight 
improvement in removal efficiency with greater bismuth volume. “ 
It was found that bismuth sulphide was sparingly dissociated to liberate 
hydrogen sulphide under a strong acidic distillation. Compared with the original high 
concentration of sulphide in the sample, it was acceptable that only small amount of 
sulphide remained in the absorbing solution. It was fortunate that this residual 
« 
sulphide could be eliminated by on-line precipitation with bismuth nitrate in the FIA 
system and did not affect the cyanide determination by amperometric detection. 
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Figure 4.6.3 shows the recovery of ferricyanide of 2 ^ig as CN' in the presence 
of sulphide and with different volumes of bismuth nitrate solution. Similar to results 
shown in Figure 4.6.1，recoveries below 85 % were obtained when bismuth nitrate 
was not added. At sulphide levels of 60 mg/L, 120 mg/L and 250 mg/L, maximum 
recoveries of 95 % were achieved when the volume of bismuth nitrate solution was 
equal to 3 mL. At sulphide level of 420 mg/L, maximum recovery of 92 % was still 
attained. Further increase in bismuth nitrate solution led to a decrease in recoveries of 
ferricyanide, possibly because of the incomplete transfer of the extract mixture to the 
reaction flask due to the formation of large amount of bismuth hydroxide precipitate 
and bismuth sulphide. 
Removal efficiency of sulphide at this condition is also shown in Figure 4.6.4. 
The results were similar to those shown in Figure 4.6.2 that the percentage removal of 
sulphide increased as the volume of bismuth nitrate was increased. Sulphide removal 
ofup to 80% was attained when the volume ofbismuth nitrate was greater than 2 mL. 
Bismuth nitrate is a good precipitating agent for sulphide removal under an 
alkaline condition. It reacts with sulphide to form stable bismuth sulphide, which has 
II 
very low solubility constant and only very sparingly decomposed during distillation to 
form hydrogen sulphide. 
Therefore, 3 m L of bismuth nitrate solution was chosen as a compromise 
between sulphide removal efficiency and cyanide recovery in all subsequent work, 
虞 
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The effect of different concentrations of sulphide on the recovery of 4 fig of 
ferricyanide as CN' in the presence of 3 m L of bismuth nitrate was also studied. The 
results are listed in Table 4.6.5 and it can be seen that recoveries of greater than 91 % 
were obtained at different sulphide levels when 3 m L of bismuth nitrate solution was 
used. 
Table 4.6.5 Effect of sulphide on % recovery of4 i^g ferricyanide as CN" in the 
presence of 3 mL of 60 g/L of bismuth nitrate. 
4 ^g ferricyanide as CN_ Recoveries (%) obtained with 
solution containing bismuth nitrate added 
0mg/LS2- 95.6(1.8) 
60mg/LS2- 92.1 (1.4) 
120 mg/L S^ - 91.7(3.7) 
240 mg/L S^ - 92.1 (2.2) 
420 mg/L S^ " 94.4(1.4) 
% RSD (n=3) were given in parentheses. 
“ 
4.7 Effect of bismuth nitrate on recoveries of total cyanide in the 
analysis ofInterlaboratory test samples 
After the optimization on the amount ofbismuth nitrate for alkaline extraction, 
the effect of bismuth nitrate on the recoveries of total cyanide was studied using the 
SETOC samples. Alkaline extraction as described in 3.3.1 was carried out on the ‘ 
SETOC samples. Since the bismuth nitrate solution contained 50% acetic acid, which 
neutralized part of the NaOH solution, the alkaline strength of the extraction solution 
became weaker than that in Method C as described in 4.4. In order to study the 
extraction efficiency again, 3 m L of bismuth-free 50 % acetic acid was added to the 
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same sample. The purpose of this study was to compare with the results in Method C. 
The results are shown in Table 4.7. 
Table 4.7 Recoveries of total complexed CN" in SETOC samples, with and 
without adding bismuth nitrate. 
Recoveries (%) obtained with bismuth nitrate 
Sample  
not added added 
SETOC 1 92.6 (7.98) 117 (3.68) 
SETOC 2 110(1.10) 106(0.91) 
SETOC 3 107 (1.55) 109 (2.15) 
SETOC 4 105 (4.81) 107(1.46) 
SETOC 5 151 (1.59) 159(1.26) 
SETOC 6 104 (2.65) 107 (2.48) 
SETOC 7 98.0(7.92) 102(1.62) 
% RSD (n=3) were given in parentheses. 
Note: Recovery calculation based on interlaboratory median value of SETOC 
samples. 
The pH values of the extracts were found to be greater than 12. Although „ 
addition of 3 m L of 50% acetic acid changed the alkaline strength of the extraction 
solution, there were no significant differences between the two sets of recovery data, 
i.e. Method C and samples containing 3 m L bismuth-free 50 % acetic acid and the 
extraction efficiencies were the same. Furthermore, no great differences in recoveries 
were obtained when the samples were pretreated with and without bismuth nitrate. It • 
can be concluded that the addition of bismuth nitrate did not affect the recovery of 
total complexed cyanide in SETOC samples. 
Because of significant differences in recoveries were not observed as shown in 
Table 4.7，it appears that the addition ofbismuth nitrate was not necessary. However, 
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the sulphide concentration in the SETOC samples was low compared with those 
found in real samples, and the effect of the addition of bismuth nitrate for reducing 
sulphide interference could not be demonstrated in this case. Furthermore, it is 
possible that the sediment samples may contain metals that can combine with sulphide 
in a way similar to bismuth, which renders the addition of bismuth unnecessary. To 
ensure removal of sulphide, addition of bismuth nitrate is still necessary for real 
samples. 
4.8 Recoveries of complexed cyanide in the analysis of SETOC 
sample with sulphide interference 
In order to check the effectiveness of bismuth nitrate as a precipitating agent 
for sulphide removal, the SETOC samples were used to check the recoveries of 
complexed cyanide in the presence of sulphide. The SETOC samples were spiked 
with a known amount of sulphide and extracted as described in 3.3.1 with the addition 
of 3 m L of bismuth nitrate solution. The quantity of sulphide added was similar to 
01 
those occurring in real samples. The same sample without addition of bismuth nitrate 
was also analysed. 
The results are presented in Table 4.8, which indicate that there was no 
significant difference between sample with bismuth nitrate solution and without 
bismuth nitrate solution. Since SETOC samples consisted of a certain amounts of ‘ 
various metal cations which would have tendency to form metal sulphides. Therefore 
the effect of bismuth may be taken up by other metal cations, so the importance of 
addition of bismuth nitrate is not so marked. Hence, it is still recommended to add 
bismuth nitrate in real samples. 
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Table 4.8 Recoveries of total complexed cyanide in SETOC samples with 
sulphide interference. 
Recoveries (%) obtained with bismuth 
Sample Sulphide added, mg/L m t j ^  
not added added 
SETOC 2 120 113 (1.82) 111 (1.76) 
SETOC 3 120 103 (2.20) 102(2.13) 
SETOC 4 120 105 (2.81) 100(8.83) 
SETOC 5 120 112(4.29) 144 (8.72) 
SETOC 7 120 88.6 (5.43) 97.9(3.91) 
% RSD (n=3) were given in parentheses. 
Note: Recovery calculation based on interlaboratory median value ofSETOC. 
4.9 Analysis of marine sediment samples 
Five sediment samples from different sources were analyzed for total cyanide 
content. About 5 g of wet sediment was extracted as described in 3.3.1，followed by 
distillation as described in 3.3.2 and then analyzed by the FIA as described in 3.3.3. A 
“ 
blank analysis was also carried out throughout the whole procedure. Identical samples 
were run in triplicate. The results of measurement of the total cyanide content in the 
marine sediments are presented in Table 4.9. The sulphide contents of these samples 
were low, being less than 60 mg/kg, and the interference from sulphide is.not 
significant even in the absence ofbismuth nitrate. Hence, significant differences were . 
not observed in two sets of results. 
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Table 4.9 Total cyanide content of the marine sediments. 
Concentration (mg/kg, wet weight) 
Sample obtained with bismuth nitrate 
not added added 
SED 1 0.10(14.8) 0.11 (9.94) 
SED 2 0.08 (3.95) 0.09 (14.0) 
SED3 0.12(16.2) 0.09(12.8) 
SED4 0.15(13.3) 0.11 (3.12) 
SED 5 0.07 (5.36) 0.07 (3.38) 
% RSD (n=3) were given in parentheses. 
4.10 Recovery tests and precision studies 
To assess the reproducibility of this procedure a number of samples and 
standards were analyzed. As noted in 3.1.1，the combination of distillation and FIA 
with amperometric detection could analyze cyanide in sediment down to low ppb 
levels. Recovery was therefore assessed over the range 1-16.5 mg/kg in the SETOC 
samples. An aliquot of known concentration of ferricyanide standard was spiked to “ 
the SETOC prior to the extraction step. 
The recovery data were summarized in Table 4.10.1. Recoveries ranged from 
73 % to a high of 101 % and relative standard deviation ranged from 1.1 % to 12 % 
were obtained. The average recovery was 94 � 9.8 %. 
« 
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Table 4.10.1 Recovery data for the determination of total cyanide in SETOC 
samples. 
“ ‘ ~~Cyanide^ ,~ Amount Amount \~^ ~ “ Sample ,, ��� _ _, Recovery, % mg/kg added, i^g found, i^g ” 
SETOC 1 1.69 3 3.01 100(1.10) 
SETOC 2 1.56 3 3.03 101 (4.48) 
SETOC 3 18.3 7.5 7.49 100(1.63) 
SETOC 6 1.6 3 2.18 73 (12.4) 
SETOC 8 0.15 2 1.85 92(4.66) 
% RSD (n=3) were given in parentheses. 
® Results from Table 4.7. 
Spiked recoveries for the sediment samples with bismuth nitrate solution and 
without bismuth nitrate solution were also determined. Table 4.10.2 shows that there 
was a great difference between them. When bismuth nitrate was added, the recoveries 
ranged from 64 % to 80 % and the relative standard deviation ranged from 3.0 % to 
13 %. Overall recovery was 72.1 � 5.0 %. It also shows that similar recoveries were 
obtained when different concentrations of ferricyanide were spiked in the same 
II 
quantity of sample. Without the addition of bismuth nitrate, the recoveries ranged 
from 35 % to 68 % and the relative standard deviation ranged from 6.3 % to 87 %, 
and overall recovery was 52.5 � 12 %. It indicates that the addition ofbismuth nitrate 
can give a better recovery by reducing sulphide interference in real samples. * 
The recovery of added ferricyanide in marine sediments was lower than that in ‘ 
the SETOC samples, possibly because of the different physical and chemical 
characteristics. One possible explanation is that most of the metals in SETOC samples 
which can form strong cyanide complexes have already reacted with cyanide to form 
strong metal cyanide complexes, and the spiked ferricyanide therefore did not react 
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further and remained in solution, so that high recoveries were obtained. For real 
samples, low recoveries were obtained possibly due to the formation of metal cyanide 
complexes with strong binding metals that had not reacted with cyanide. 
Table 4.10.2 Recovery data for total cyanide determination in marine sediment. 
Cvanide Recoveries {Vo) obtained with 
Sample mg/kg，； 二 射 b i^ut l | nitrate  
^ , , . added, ug . , . 丄 , . , weight ，^^ added not added 
SED 1 0.11 2 80.4 (5.69) 66.4(26) 
SED2 0.09 2 70.7(10.4) 34.8 (87) 
SED3 0.09 2 74.1 (4.82) 48.2 (29) 
2 64.2 (13.4) 67.8 (12) 
SED4 0.11 
4.5 68.8 (2.98) 47.1 (24) 
2 73.6(12.8) 45.1 (25) 
SED 5 0.07 
4.5 73.2 (5.59) 58.2 (6.3) 
% RSD (n=3) were given in parentheses. 
Assuming low recovery of ferricyanide in the collected marine sediments was 
“ 
due to inherently heterogeneity of samples or poor mixing because they might contain 
occluded water in varying and unpredictable amounts, and in order to ensure 
homogeneity, a portion of wet sediment was taken for drying at 40 °C, which was 
exactly the same as the sample preparation for the SETOC samples. After drying to 
constant weight, the dried sample was disaggregated by gently crushing lumps or • 
clumps in a mortar. Then the well-mixed samples were spiked with ferricyanide and 
the recovery was checked again. 
The results of the recovery of ferricyanide in the dried samples are shown in 
Table 4.10.3, which revealed an average recovery of 70 % at 2 ^g of spiked 
6 1 
ferricyanide as CN' in 2 g of dried sample. The recovery was similar to that obtained 
in Table 4.10.2. Therefore the previous assumption oflow result due to heterogeneity 
can be ruled out, but the possible reaction with metals to form strong cyanide complex 
may still be the case. 
Table 4.10.3 Recovery data for total cyanide determination in marine sediment, 
dried at 40 °C. 
~ : ‘ Cyanide, me/ke, Amount Amount f"^ “ “ Sample ^. ，. °^ ^' ��� ^ ^ Recovery, % ^ dry weight added, i^g found, i^g :， 
SED 1 0.23 (3.49) 2 1.24 62.4(17.2) 
SED2 0.28 (12.8) 2 1.54 76.8 (9.22) 
4.11 Interferences 
4.11.1 Metal cations 
In order to study the effect of metal interference in this proposed method, the 
concentration of metals in marine sediment must be accounted for. The following is 
the list of metals with relatively concentrations found in marine sediment in Hong “ 
Kong. The metal concentrations were obtained by acid dissolution and based on dry 
weight and determined by inductively coupled plasma technique. 
Fe = 35000 mg/kg, 
Ni = 50 mg/kg, 
< 
Pb = 100 mg/kg, 
Zn = 400 mg/kg, 
Cu = 200 mg/kg, 
Cd = 0.5 mg/kg, 
•• 
Ag = 2 mg/kg. 
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The effect of the metal ions on the determination of 4.5 ^ig ferricyanide as CN' 
was studied. The metal concentrations used were approximately double that of the 
respective concentration shown above. Each metal solution was spiked separately into 
the solution containing 4.5 ^ ig ferricyanide as CN' and was extracted as described in 
3.3.1，followed by distillation as described in 3.3.2 and then determined by the FIA as 
described in 3.3.3. Each of metal ions did not give significant interference and the 
recovery was above 95 %. A combined metal interference was also studied by mixing 
all of them, except iron, into the sample containing 4.5 ^ ig ferricyanide as CN". This 
sample simulated the real situation in real samples. Here, the metal concentration used 
was still double of that would be present in the real sample as before. Under this 
condition, the recovery was found to be greater than 93 %. 
Cobalt interference was also studied and it was found that sample containing 4 
mg/kg Co (dry weight) caused a 10 % decrease in ferricyanide recovery. The study 
shows that the above metals do not cause interference in the cyanide determination. 
4.11.2 Organic interference 
“ 
The interference of several potential cyanide-forming substances, namely urea, 
thiourea, glycine and cysteine, were investigated as these compounds may interfere in 
case of hydrolysis or decomposition under the experimental conditions. It has been 
reported in the literature^ ^ that hydrolysis of the compounds would lead to4he 
formation of cyanide, which may give positive interference. Sulphide interference ‘ 
may also be produced by sulphur-containing organic compounds as a result of acidic 
oxidation during distillation. However, the FIA system could provide on-line 
elimination of sulphide interference by bismuth in the acidifying reagent. The study 
indicates that none of these compounds, ranging from concentration of 20 to 200 
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mg/L in original samples, gave any cyanide responses (i.e. < 2 ^ ig/L) in the proposed 
method. The effect of each of the organic compounds on the determination of 2 ^ig 
ferricyanide as CN" was also studied and it was found that a 20 % decrease in the 
recovery was obtained when all of them combined together with each of the 
concentration greater than 20 mg/L. 
4.11.3 Carbonate interference 
Since marine sediment may contain carbonate species which will produce 
carbon dioxide under acidic distillation, and the absorbing solution will trap the 
liberated carbon dioxide to form carbonate ion and resulted in change in the pH ofthe 
absorbing solution, the effect of carbonate interference was studied. 
An experiment was set up to study the effect of carbonate on the absorbing 
solution. Since the absorbing solution was 0.2 M NaOH, different amounts of0.1 M 
Na2CO3 were added to it and final volume was kept to 10 mL. A small amount of free 
CN' was then spiked into the solution with the final concentration at 40^ ig/L. The 
spiked solution was immediately analysed as described in 3.3.3. The results are listed 
II 
in Table 4.11.3. 
As shown in Table 4.11.3, a decrease in recovery of free CN' was observed as 
the absorbing solution containing 5400 mg/L of carbonate ion. It may be due to the 
decrease in pH ofthe absorbing solution, and resulting in the formation of hydrogen 
cyanide, which led to low recovery of cyanide. . 
However, the carbonate in marine sediment is not expected to be high, unlike 
the unweathered soil or rock, and carbonate is not usually of concem in sediment 
analysis. 
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Table 4.11.3 Effect of carbonate ions on % recovery of free CN". 
Vol.of0.2M Vol.ofO.lM ^^"7^'^"l^""^' ^ ^ 
NaOH added Na2CO3 added ？舍⑶，m Recovery(%) 
solution, mg/L 
10 0 0 101 
8 2 1200 98 
6 4 2400 98 
4 6 3600 101 
2 8 4800 101 
1 9 5400 90 
0 10 6000 81 
“ 
« 
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5. CONCLUSION 
A simple, efficient, and accurate FIA method for the determination of total 
cyanide in marine sediment has been developed. 
The proposed method involves a preliminary alkaline extraction for leaching 
insoluble complex cyanide from the sediment into the extract. Addition of bismuth 
nitrate can eliminate sulphide interference in marine sediment during the alkaline 
extraction and remove sulphide interference up to 420 mg/L. Residual sulphide, if 
present in the absorbing solution, can be eliminated by on-line precipitation of 
sulphide without affecting amperometric detection in the FIA system. The method has 
been applied successfully to determine total cyanide in marine sediments in Hong 
Kong. 
The method is more sensitive than most other methods reported in the 
literature and a detection limit of 0.02 mg/kg in sediment could be achieved. The 
method is simple and easy to follow. The proposal alkaline extraction step can more 
effectively extract cyanide from sediments and give more accurate estimation oftotal 
•I 
cyanide. The midi-distillation set-up coupled with the flow injection analysis 
technique can effectively process large batches ofsamples. Most known interferent do 
not interfere with the determination. 
» 
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